The plant hormone abscisic acid (ABA) is present and active in humans, regulating glucose homeostasis. In normal glucose tolerant (NGT) human subjects, plasma ABA (ABAp) increases 5-fold after an oral glucose load. The aim of this study was to assess the effect of an oral glucose load on ABAp in type 2 diabetes (T2D) subjects. We chose two sub-groups of patients who underwent an oral glucose load for diagnostic purposes: i) 9 treatmentnaive T2D subjects, and ii) 9 pregnant women with gestational diabetes (GDM), who underwent the glucose load before and 8-12 weeks after childbirth. Each group was compared with matched NGT controls. The increase of ABAp in response to glucose was found to be abrogated in T2D patients compared to NGT controls. A similar result was observed in the women with GDM compared to pregnant NGT controls; 8-12 weeks after childbirth, however, fasting ABAp and ABAp response to glucose were restored to normal in the GDM subjects, along with glucose tolerance. We also retrospectively compared fasting ABAp before and after bilio-pancreatic diversion (BPD) in obese, but not diabetic subjects, and in obese T2D patients, in which BPD resulted in the resolution of diabetes. Compared to pre-BPD values, basal ABAp significantly increased 1 month after BPD in T2D as well as in NGT subjects, in parallel with a reduction of fasting plasma glucose. These results indicate an impaired hyperglycemia-induced ABAp increase in T2D and in GDM and suggest a beneficial effect of elevated ABAp on glycemic control.
Introduction
The phytohormone abscisic acid (ABA) lies at the interface between abiotic stress and metabolic signaling in plants, regulating vital functions [1] . Interestingly, ABA was found to play a conserved role as a "stress hormone" also in lower Metazoa, regulating animal responses to temperature and light [2, 3] , and in mammals, regulating the activation of innate immune cells [4, 5] and glucose homeostasis [6] [7] [8] .
Mammalian pancreatic β-cells release ABA in response to glucose and ABA in turn potentiates glucose-dependent and stimulates glucose-independent insulin secretion, suggesting the existence of an autocrine/paracrine feed-forward loop [6] . ABA also stimulates GLUT4-mediated glucose uptake by adipocytes and myoblasts [7] . Plasma concentration of ABA (ABAp) increases in healthy subjects after an oral glucose load and ABAp is higher when glucose is administered orally than intravenously [7] , indicating a stimulatory effect of incretins on ABA release, similar to the one on insulin. Indeed, glucagon-like peptide 1 (GLP-1) enhances ABA secretion from glucose-stimulated pancreatic β-cells in vitro [7] . ABA role in glucose homeostasis prompts the hypothesis that diabetes mellitus is associated with an impaired ABA response. Pointedly, in the db/db mouse model of obesity-induced type 2 diabetes (T2D), supplementation of a high-fat diet with ABA results in improved glucose tolerance [8] .
The aim of this study was to prospectively assess the effect of an oral glucose load on ABAp in T2D subjects and in pregnant women with gestational diabetes (GDM), each group being compared with appropriate normal glucose tolerant (NGT) controls. In addition, we retrospectively compared fasting ABAp before and after bilio-pancreatic diversion (BPD) in obese, but not diabetic subjects, and in obese T2D patients. In the latter group, BPD resulted in the resolution of diabetes, as generally occurs [9, 10] , thus providing another "on-off" model of the disease, in addition to GDM, in which to investigate the behaviour of ABAp.
Methods

Study subjects and sampling procedures
The study of ABAp in T2D included a total of 50 subjects. Eleven of them had impaired fasting glucose levels and underwent a standard oral glucose tolerance test (OGTT) for diagnostic purposes after overnight fasting. Plasma samples were collected immediately before (time zero) and 15, 30, 60, 90, and 120 minutes after ingestion of 75 g glucose. Two-ml plasma samples for each time point were immediately frozen in the presence of 4 vol distilled methanol for subsequent ABAp measurement. Glucose, insulin, and ABAp were then measured in 9 out of the 11 subjects, who were diagnosed with T2D on the basis of the result of the OGTT. The same OGTT and sampling procedure was applied to 7 healthy volunteers of comparable age and body mass index (BMI), who served as controls. Fasting plasma glucose (FPG) and ABAp were also measured in 12 treatment-naïve T2D patients and in 20 age-and BMI-matched healthy volunteers. Therefore, fasting ABAp and FPG values were assessed in a total of 21 T2D patients (9 undergoing an OGTT) and 27 controls (7 undergoing an OGTT). The diabetic patients did not have any other acute or chronic disease, and followed an unrestricted diet, as the normal subjects.
The study of ABAp in GDM included a total of 16 women. All underwent a standard screening for gestational diabetes between the 24 th and the 28 th week of gestation and agreed to repeat the test 8-12 weeks after childbirth. After overnight fasting, plasma samples for glucose and ABAp and insulin determinations were collected immediately before (time zero) and 60 and 120 minutes after ingestion of 75 g of glucose. Out of the 16 women studied, 9 were diagnosed with GDM, based on the finding of plasma glucose values 180 mg/dL or 153 mg/dL 1 or 2 hours after the glucose load, respectively [11] . None of the women reported a change in her dietary habits after childbirth.
In the retrospective part of the study, ABAp was measured in frozen plasma samples from 20 severely obese patients who had undergone BPD within a clinical study and had their blood withdrawn 1 week before and 1 month after surgery [12] . Nine subjects had T2D before BPD, while the others had normal FPG levels and served as controls. FPG and insulin concentrations had been determined at the time of sample collection.
The present study was approved by the Local Ethics Committee (IRCCS AOU San Martino-IST, Genoa, Italy) and was conducted according to the Declaration of Helsinki principles. Written informed consent was given by every participant.
Measurements
All measurements were made in duplicate in the same batch. Plasma glucose concentration was measured by an enzymatic method (Randox Laboratories, Crumlin, UK); plasma insulin concentration was determined by a sandwich immunoradiometric assay (Immunotech, Prague, Czech Republic), as described in [7] . Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as [fasting insulin (pmol/L) × fasting glucose (mmol/L)]/135. In the prospective study involving T2D patients, fasting ABAp was determined by both high-performance liquid chromatography-mass spectrometry (HPLC-MS) [7] and enzyme-linked immunoassay (ELISA; Agdia Biofords, Evry CEDEX, France). A good agreement between the results obtained with the two techniques was observed. Thus, ABAp at the different time points of the OGTT was determined by ELISA only. In the plasma samples from the pregnant women, ABAp was measured by ELISA only. In the retrospective study, plasma samples collected at the time of the bariatric surgery and kept at -20°C were extracted in 4 vol distilled methanol and ABAp was determined by ELISA [7] .
The area-under-the-curve (AUC) values of plasma ABA, glucose and insulin were calculated with the trapezoidal rule, from the concentrations measured at the time points indicated in the legends to Table 1 and Table 2 . 
Results
Impaired increase of plasma ABA after glucose load in T2D subjects
Consistent with the experimental evidence supporting a role of ABA in promoting glucose disposal, ABAp increases following an oral glucose load in healthy individuals [7] . To determine whether the ABA response to oral glucose was modified in T2D, plasma samples from 11 patients with impaired fasting glycemia, who underwent an OGTT for diagnostic purposes, were collected immediately before and 15, 30, 60, 90, and 120 minutes after intake of glucose; in 9 out of these 11 subjects, T2D was confirmed by the test. Seven volunteers of comparable age and BMI and with normal glucose tolerance served as controls. ABAp increased in response to oral glucose in all healthy subjects, but not in the diabetic subjects. The curves of glycemia, insulinemia and ABAp following glucose ingestion in T2D subjects and controls are shown in Fig. 1 . As a result of the failure of ABAp to increase in the T2D patients, the AUC of ABAp during the OGTT was significantly lower in these subjects compared to NGT controls (Table 1 ). In the control group, there was a positive correlation between the AUC of ABAp and the one of glycemia, (r = 0.7767, p = 0.040). This positive correlation confirms our previous observation [7] and supports the conclusion that, under normal conditions, hyperglycemia is a main driver to ABA secretion. Interestingly, no significant correlation was found between the AUC of ABAp and glycemia in T2D patients (r = -0.4247, p = 0.255). Altogether, these results suggest that the mechanism by which high glucose induces an increase in ABAp is impaired in T2D.
We also compared fasting ABAp and FPG between a group of 21 treatment-naïve patients with T2D (including the 9 subjects who underwent the OGTT) and a group of 27 age-and BMI-matched healthy volunteers with normal glucose tolerance. As expected, FPG was significantly higher in the diabetic subjects compared to the controls (Table 2) . Interestingly, the distribution of ABAp values was normal in NGT subjects, but not in T2D patients. Fig. 2 shows the individual ABAp values from all subjects: the distribution of ABAp values in the T2D subjects suggests the existence of two sub-groups, one with higher-than-normal ABAp and the other one with ABAp similar to normal. No significant correlation between ABAp and age or BMI was observed within the T2D group. The median value and the range were 0.66 (0.13-1.72) nM and 1.15 (0.19-4.77) nM in the healthy and in the T2D subjects, respectively. Analysis of the data by the Mann-Whitney test indicated a statistically significant difference between ABAp in NGT and T2D subjects (p = 0.013; Table 2 ).
Diminished increase of ABAp after oral glucose load in GDM is followed by postpartum restoration of the ABAp response to hyperglycemia and resolution of diabetes
To investigate whether the ABAp response to oral glucose was also altered in GDM, plasma samples were collected during in-pregnancy and post-partum OGTTs in 16 women. Nine of them had GDM, which reverted to NGT after childbirth; the other subjects were already NGT during their pregnancy ( Table 3 ). The curves of glycemia, insulinemia and ABAp following glucose ingestion in GDM and NGT women, pre-and post-partum, are shown in Fig. 3 . Both the maximal ABAp increase and the ABA AUC after the oral glucose load were significantly lower in women with GDM compared to those with NGT during pregnancy. In the GDM group, the AUC of ABAp was significantly higher after childbirth compared to the in-pregnancy values. A similar trend was also observed in NGT subjects, although to a minor extent ( Table 3) . As a result, 8-12 weeks after childbirth the ABAp AUC was no longer significantly ABAp increases after an oral glucose load in healthy subjects, but not in T2D patients. After overnight fasting, a pre-test blood sample was taken from 7 healthy subjects and from 9 T2D patients, all of whom subsequently underwent a standard OGTT. The values of plasma ABA (A), glucose (B) and insulin (C) shown are the mean ± SD from the healthy controls (black rhombi) and from the T2D subjects (grey squares). different between women diagnosed with GDM and controls. Concomitant with the restoration of the ABAp response to hyperglycemia, normalization of glucose tolerance was observed in all GDM subjects (Table 3) . Interestingly, after childbirth, there was a significant positive correlation between the AUC of ABAp and the one of glycemia in both the GDM and the NGT group (r = 0.9222, p = 0.00031 and r = 0.7478, p = 0.020, respectively). This correlation was also observed in the control subjects of Table 1 (see first paragraph of the Results) and in a previous study in healthy subjects [7] . Interestingly, pre-partum fasting ABAp was significantly lower in GDM subjects (0.54±0.62 nM, n = 10) compared to NGT controls (1.15±0.69 nM, n = 12, p = 0.043). After childbirth, ABAp increased significantly in both NGT and GDM subjects, in the latter ones reaching control values (Table 3) .
Altogether, these results indicate that the transient diabetic condition of GDM is associated with a similarly transient impairment of the hyperglycemia-induced increase of ABAp and that post-partum restoration of NGT is concomitant with a normalization of the ABAp response to hyperglycemia.
Fasting ABAp increases after BPD
In the retrospective part of this study, we compared the fasting ABAp in morbidly obese diabetic and non-diabetic subjects, before and 1 month after BPD. This type of bariatric surgery very often results in the rapid (within 1 month) resolution of diabetes [10] . Before BPD, FPG, insulin, and HOMA-IR were significantly higher in T2D than in NGT obese patients, as expected (Table 4) . Fasting ABAp was also higher in the first group than in the latter, in agreement with what observed in the prospective cohort of non-obese T2D patients (Table 2) . One month after BPD, in parallel with a significant reduction of the BMI, FPG, HOMA-IR and insulin all significantly decreased in the T2D group, while fasting ABAp significantly increased (Table 4) . In this group, there was a negative correlation between FPG and ABAp (r = -0.683, p = 0.042), indicating that higher ABAp levels were observed in those subjects with lower FPG. Interestingly, fasting ABAp increased also in obese, but not diabetic subjects following BPD and this change was associated with a significant decrease of FPG, without a significant change in insulin (Table 4) . Indeed, the ratio between post-and pre-BPD FPG values showed a significant (p = 0.044) moderate negative correlation (r = -0.614) with the ratio between post-and pre-BPD ABA values.
Fasting ABAp values measured in obese NGT and T2D subjects (Table 4) were lower than those in NGT and T2D subjects of normal weight (Table 2) ; this discrepancy was not due to the different type of assay used to measure ABAp (ELISA and HPLC-MS in Table 4 and Table 2 , respectively), since the two assays yielded similar results when performed on the same sample (not shown). Pre-partum impairment and post-partum restoration of the ABAp increase after oral glucose load in GDM subjects. The values of plasma ABA (A), glucose (B) and insulin (C) shown are the mean ± SD from seven NGT (black rhombi) and from nine GDM subjects (grey squares), who underwent a standard OGTT at the 24 th -28 th week (pre-partum) and again 2-3 months after childbirth (post-partum). Post-partum restoration of the ABAp increase during OGTT in the GDM subjects was accompanied by restoration of a normal glycemic profile. * p<0.05 compared to time zero values; § p<0.05 compared to NGT.
doi:10.1371/journal.pone.0115992.g003
Discussion
The main finding of the prospective part of this study is that the increase in ABAp that normally occurs after an oral glucose load is impaired both in patients with T2D and in women with GDM. In the latter ones, normalization of glucose tolerance after childbirth is paralleled by restoration of the ABAp response to oral glucose. Thus, impairment of the response of ABAp to hyperglycemia appears to be a common feature in T2D and GDM subjects. This finding points to a critical role for plasma ABA in the maintenance of a normal glucose tolerance and suggests new possible ABA-centered pathogenetic mechanisms that may underlie the diabetic condition. In principle, the failure of ABAp to increase following hyperglycemia in T2D and GDM may result from insufficient ABA synthesis or from dysfunctional regulation of ABA release in response to glucose. Regardless of the underlying mechanism, it is tempting to speculate that the loss of ABAp response to oral glucose contributes to the pathogenesis of T2D and GDM. Concerning the tissue source of plasmatic ABA, pancreatic β-cells and adipocytes are both capable of releasing ABA upon stimulation with glucose in vitro [7] , and the higher cell mass of the adipose tissue might make it an important determinant to fasting ABAp, particularly in obese subjects. Interestingly, the limited (approximately 10 and 15% in NGT and T2D subjects, respectively) reduction of body weight that occurred in both NGT and T2D subjects within the first month after BPD was associated with an increase, not a decrease, of ABAp (Table 4) . This observation suggests an inhibitory effect on ABA secretion of one or more adipokines released from adipose tissue that is most readily lost after BPD.
BPD causes a substantial reduction in nutrient absorption in the small intestine [13] . Therefore, an alternative possibility is that stimulation of enteroendocrine cells by excess non-absorbed nutrients may result in an increased release of GLP-1 [14, 15] , which in turn can stimulate ABA secretion from β-pancreatic cells [7] . Both hypotheses open new intriguing areas of investigation. The higher mean value and wider distribution of the fasting ABAp in the T2D subjects compared to the NGT controls (Table 2) do not appear to be correlated with age or BMI in the T2D group and may reflect a heterogeneity of ABA-related dysfunctional mechanisms occurring in T2D, such as resistance to the glycemia-lowering effect of ABA (causing higher-thannormal basal ABAp levels), or impairment of the molecular mechanisms regulating the increase of ABAp in response to hyperglycemia (causing ABAp levels to be in the normal range despite hyperglycemia). At variance with what observed in T2D subjects, the fasting ABAp of the GDM subjects was lower compared to the NGT controls: this observation may suggest insufficient ABA release in response to hyperglycemia as the common pathogenetic mechanism underlying ABA dysfunction in GDM.
The prepartum basal ABAp in the pregnant NGT women (1.14±0.69 nM, n = 12) was not significantly higher (p = 0.054) than that measured in the male NGT subjects of Table 2 (0.75±0.54 nM, n = 30), although increasing the number of subjects may eventually yield a statistical significance; conversely, 8-12 weeks after childbirth, when glucose tolerance was restored to normal in the GDM subjects (all women were lactating), the postpartum basal ABAp of all the women tested was significantly higher than that of the NGT subjects (2.36±1.18 nM, n = 13; p = 2.45E-07). This observation, together with the fact that ABA is present in human milk (SB, unpublished observation), might suggest that a physiological increase of the ABAp occurs during lactation.
To gain further insight into ABAp deregulation in T2D, we also retrospectively measured fasting ABAp in obese subjects before and one month after BPD. This type of bariatric surgery is known to improve glucose tolerance, not only by reducing body weight and thus insulin resistance, but also by improving insulin secretion in response to glucose. Remarkably, improvement of glucose tolerance already occurs within one month after surgery [10, 16] . In our group of obese T2D subjects, BPD was followed by a significant decrease of both FPG and insulin, with a reduction of the HOMA-IR to normal values; this trend toward a normalization of glucose tolerance was paralleled by a significant increase of ABAp (Table 4) . Thus, it can be postulated that the increase in the circulating levels of ABA may be one of the factors leading to improved glycemic control in T2D patients undergoing BPD. This hypothesis is supported by the fact that in NGT obese subjects too, BPD was followed by a significant increase in ABAp and a significant decrease in FPG, without significant modifications of insulin concentration and HOMA-IR (Table 4) . As ABA stimulates GLUT-4 expression and its membrane translocation in adipocytes and myocytes in vitro [7] , the beneficial effect of elevated ABAp on glycemic control might be secondary to increased peripheral glucose uptake.
In conclusion, this study provides evidence that the increase of ABAp normally observed in response to glucose is impaired in T2D and in GDM. In the latter form of diabetes, restoration of normal glucose tolerance after childbirth is accompanied by a normalization of the ABAp increase in response to glucose.
The demonstration that plasma ABA is altered/abnormal in T2D and GDM suggests a role for the dysregulation of ABAp response to hyperglycemia in the pathophysiology of these conditions and warrants further studies to test the new mechanistic hypotheses arising from this study.
